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Herpesviruses consistently transmit from immunocompetent carriers, implying that their 
neutralization is hard to achieve. Murid herpesvirus-4 (MuHV-4) exploits host IgG Fc receptors to 
bypass blocks to cell binding, and pH-dependent protein conformation changes to unveil its 
fusion machinery only after endocytosis. Nevertheless, neutralization remains possible by targeting 
the virion glycoprotein H (gH)-gL heterodimer, and the neutralizing antibody responses of MuHV- 
4 carriers are improved by boosting with recombinant gH-gL. We analysed here how gH-gL- 
directed neutralization works. The MuHV-4 gH-gL binds to heparan sulfate. However, most gH- 
gL-specific neutralizing antibodies did not block this interaction; neither did they act directly on 
fusion. Instead, they blocked virion endocytosis and transport to the late endosomes, where 
membrane fusion normally occurs. The poor endocytosis of gH-gL-neutralized virions was 
recapitulated precisely by virions genetically lacking gL. Therefore, driving virion uptake appears to 
be an important function of gH-gL that provides a major target for antibody-mediated 
neutralization. 



INTRODUCTION 

Gammaherpesvirus neutralization by immune sera and 
mAbs is well- described (Thorley-Lawson & Poodry, 1982; 
Stevenson & Doherty, 1998; Dialyna et ah, 2004). However, 
the persistent infectivity of herpesvirus carriers and the 
limited evidence for immune selection of viral antigenic 
variants imply that in vivo neutralization is harder to 
achieve. Consistent with such an idea, immunization with 
the Epstein-Barr virus (EBV) gp350, which is a potent 
target for neutralization in vitro (Thorley-Lawson & 
Poodry, 1982), failed to reduce infection rates in vivo 
(Sokal et al, 2007). 

Narrow species tropisms limit analyses of EBV and 
Kaposi's sarcoma-associated herpesvirus (KSHV). Murid 
herpesvirus-4 (MuHV-4) (Barton et al, 2011; Stevenson 
et al, 2009) consequently provides a useful tool for ex- 
ploring how gammaherpesviruses and antibody interact. 
Antibody reduces MuHV-4 lytic spread in vivo (Kim et al, 
2002; Gangappa et al, 2002). However, this reflects IgG Fc 
receptor (FcR) engagement rather than neutralization 
(Wright et al, 2009). Immune sera potently neutralize 
fibroblast infection by MuHV-4 in vitro, but they neutralize 
host entry much less well (Gillet et al, 2007a), possibly 
because 'neutralized' virions can use opsonization path- 
ways such as FcRs to infect when normal cell binding is 
blocked (Rosa et al, 2007). Thus, robust neutralization 



A supplementary table and figure are available with the online version of 
this paper. 



requires a block to cell penetration rather than just cell 
binding, and this seems to be more difficult to achieve. 

Although MuHV-4-immune sera do not block host entry 
efficiently, they can be effective at high dose (Gillet et al, 
2007a). This probably reflects antibody binding to the 
glycoprotein H-glycoprotein L heterodimer (gH-gL), as 
this is the target of most neutralizing mAbs recovered from 
virus carriers (Gill et al, 2006). gH-gL is poorly immuno- 
genic in the context of whole virus (Gillet et al, 2007b). 
However, gH-gL-specific antibodies can be boosted with 
recombinant protein, and this improves the capacity 
of immune sera to block entry (Gillet et al, 2007a). In 
contrast, few mice make neutralizing responses to gB, 
even after boosting (May 8c Stevenson, 2010). gH-gL also 
provides a neutralization target for EBV (Chesnokova & 
Hutt-Fletcher, 2011) and KSHV (Naranatt et al, 2002). An 
important unanswered question is how this neutraliza- 
tion works. The MuHV-4 gH-gL, like that of KSHV (Hahn 
et al, 2009), binds to heparan sulfate (HS) (Gillet et al, 
2008a), and HS binding is important for MuHV-4 to infect 
(de Lima et al, 2004). However, the virion gp70 also fulfils 
this role (Gillet et al, 2007c) and gL~ virions show only a 
modest cell-binding defect (Gillet et al, 2007d); they show 
a much greater post-binding infection defect (Gillet et al, 
2008b). The implication is that neutralizing antibodies 
target a downstream gH-gL function. 

gH plays an essential, conserved role in herpesvirus mem- 
brane fusion (Forrester etal, 1992). It binds to gL (Hutchinson 
et al, 1992), and gH-gL-specific antibodies block membrane 
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Fig. 1. Comparison of virion neutralization by gH-gL-specific mAbs T2C1 2 and 8F1 0. MuHV-4 virions expressing eGFP from 
an intergenic EF1 a promoter were incubated (2 h, 37 °C) with antibody dilutions, then divided between RAW-264 monocytes 
(3 p.f.u. per cell), BHK-21 fibroblasts (0.5 p.f.u. per cell) and NMuMG epithelial cells (0.5 p.f.u. per cell). After overnight 
incubation (37 °C) in the presence of 1 00 |ag phosphonoacetic acid ml -1 to prevent secondary spread, the cells were analysed 
for eGFP expression by flow cytometry. The MHC class l-specific lgG 2a rnAb 28.14.8 provided a control. 



fusion by both herpes simplex virus (HSV) (Fuller et al, 
1989) and EBV (Miller & Hutt- Fletcher, 1988). However, 
whether the block is direct is unclear. MuHV-4 infection is 
endocytic and, after endocytosis, gH changes antigenically 
from gH-gL to gH-only' (Gillet et al, 2008b). Virions 
lacking gL remain infectious (Gillet et al, 2007d), implying 
that gH engages in fusion as gH-only rather than as gH-gL, 
and antibodies specific for gH-only neutralize gL~ MuHV-4 
(Gillet et al, 2009), consistent with it being functionally 
important. They do not neutralize gL + MuHV-4 because 
such virions express little gH-only until after endocytosis. 
Thus, the gH-gL-directed neutralization of gL + virions may 
act upstream of the fusion reaction. 

In this study, we aimed to understand how the MuHV-4 
gH-gL provides a neutralization target when its epitopes 
are normally lost pre-fusion. In contrast to gB- neutralized 
virions, which are arrested at the point of fusion in late 
endosomes, gH-gL-neutralized virions failed to reach this 
site. Both gH-gL-neutralized and gL-deficient virions were 
endocytosed poorly, suggesting that gH-gL-driven endo- 
cytosis is an important target for virion neutralization. 

RESULTS 



gH-gL-directed neutralization can act in different 
ways 

mAb 8F10 (IgG 2a ) is representative of the minority of gH- 
gL-specific neutralizing mAbs that block gH-gL binding to 
HS (four of 13 mAbs from three different fusions); mAb 
T2C12 (IgG 2a ) is representative of the majority (nine 
of 13 mAbs) that do not block HS binding (Gillet et al, 
2008a). Blocking HS binding with immune serum inhibits 
fibroblast and epithelial- cell infections by MuHV-4, but 
enhances macrophage infection because antibody-coated 



virions can bind to and infect via FcRs (Rosa et al, 2007). 
mAb 8F10 similarly inhibited BHK-21 (FcR~ fibroblast) and 
NMuMG (FcR~ epithelial) infections, but increased RAW- 
264 cell infection (FcR + monocyte) (Fig. 1), implying that it 
mainly blocked cell binding. T2C12, in contrast, inhibited 
both FcR~ and FcR + infections, consistent with a block 
downstream of cell binding (Gill et al, 2006). 

Tracking virion entry by immunofluorescence 

To investigate how gH-gL-directed neutralization inhib- 
ited MuHV-4 entry into NMuMG epithelial cells, we 
visualized virions by isotype-specific immunofluorescence 
for the ORF75c tegument protein (Fig. 2a). This allowed 
us to track both cell binding and membrane fusion, as 
ORF75c relocates rapidly to the cell nucleus when released 
by fusion (Gaspar et al, 2008). After incubation at 4 °C, 
ORF75c remained in virions bound to the plasma 
membrane; after 1 h at 37 °C, it was both in the cytoplasm 

- either in endocytosed virions or just released from them 

- and in the nucleus (Fig. 2b); after 2 h at 37 °C it was 
almost entirely in the nucleus. ORF75c staining increased 
during its relocation, presumably because release from 
the virion tegument made it more accessible to antibody. 
This increase was evident both by immunofluorescence of 
individual cells (Fig. 2a) and by ELISA of virus-exposed 
cell populations (Fig. 2b). The ELISA signal was consis- 
tently stronger after 1 h at 37 °C than after 2 h (Fig. 2b), 
suggesting that ORF75c is either masked or degraded with 
time. 

The number of virions binding to cells exceeded the 
number of p.f.u. added by as much as 100-fold. This was 
not surprising: even very lytic viruses often have particle/ 
p.f.u. ratios of 10 or more, and MuHV-4 is far from 
uniformly lytic. An MuHV-4 mutant engineered for greater 
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lytic infection (May et ah, 2004) showed 10-fold fewer 
virions binding per p.f.u., and was similar in particle/p.f.u. 
ratio to HSV-1 (Fig. SI, available in JGV Online). In 
addition to MuHV-4 not being uniformly lytic, it is possible 



that, in large transformed cells, the tegument of just one 
virion is insufficient to initiate infection. Virion tegument 
proteins play an important role in combating cellular 
defences such as the promyelocytic leukaemia (PML) 
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Fig. 2. Transport of neutralized virions, (a) Wild-type (WT) MuHV-4 virions (3 p.f.u. per cell) were left untreated or pre- 
incubated (2 h, 37 °C) with mAbs 8F10 (anti-gH-gL, lgG 2a ), T2C12 (anti-gH-gL, lgG 2a ) or SC-9E8 (anti-gB, lgG 2a ) 
(400 [ig ml -1 ) before binding to NMuMG cells (2 h, 4 °C). For comparison, other NMuMG cells were similarly exposed to gl_~ 
virions (50 p.f.u. per cell, so as to get equivalent binding). The cells were then washed with PBS and either fixed immediately or 
first further incubated (2 h, 37 °C) to allow virion endocytosis. The cells were then stained for the ORF75c virion tegument 
protein with mAb BN-8C3 (IgG-i, green) and for the late endosomal marker LAMP-1 (red), and with DAPI (blue). Red/green co- 
localization appears as yellow. Equivalent data were obtained in a repeat experiment. In this and all subsequent figures, the data 
shown are fully representative of at least 1 00 cells examined. The confocal settings were the same for the corresponding 
images at 4 °C and after 2 h at 37 °C. The numbers give the fraction of green signal co-localizing with red signal. The zoomed 
images show in more detail the relationship between virions (green) and endosomes (red), (b) As in (a), cells were exposed to 
virions for 2 h at 4 °C, washed in PBS, then either analysed immediately or first incubated for 1 or 2 h at 37 °C, but antibody 
binding was detected with an IgG-i -specific alkaline phosphatase-conjugated secondary antibody and incubation with p- 
nitrophenylphosphate substrate, and quantified by measuring A 405 . For each condition, the A 405 was normalized to the value 
obtained at 4 °C. The bars show mean±SEM values from six wells. The ORF75c signal after incubation at 37 °C was 
significantly higher for non-neutralized WT virions than for gl_~ or neutralized WT virions (P<0.008 by Student's f-test). The 
images show the distribution of ORF75c after virion binding at 4 °C, and after incubation at 37 °C for 1 or 2 h. (c) In a similar 
experiment to (b), virions were bound to cells for 2 h at 4 °C and detected with the gp1 50-specific lgG 2 b mAb BH-6H2 plus an 
alkaline phosphatase-conjugated lgG 2 b-specific secondary antibody. The bars show mean ± sem A 405 values from six wells. The 
signal with 8F1 0-neutralized virions was reduced significantly relative to other treatments (P<10~ 5 ). Equivalent data were 
obtained in a repeat experiment. 



protein (Everett & Chelbi-Alix, 2007), and this is one action 
of ORF75c (Gaspar et al, 2008). An important point is that 
almost all of the wild-type virions bound to cells reached late 
endosomes and released their ORF75c after further incu- 
bation at 37 °C (Fig. 2a); therefore, there was no evidence of 
the bound virions being structurally defective. 

gH-gL-directed neutralization arrests virions 
downstream of cell binding 

Only mAb 8F10 reduced the number of virions binding at 
4 °C (Fig. 2a). However, both 8F10 and T2C12 blocked 
ORF75c transport to the nucleus (Fig. 2a) and its increased 
accessibility (Fig. 2b), as did the gB-specific mAb SC-9E8, 
which blocks membrane fusion (Glauser et ah, 2011). 
ELISA for the external virion component gpl50 with mAb 
BH-6H2 (Fig. 2c) confirmed that 8F10, but not T2C12 or 
SC-9E8, reduced cell binding. 

Incoming T2C12-neutralized and gL" virions both 
remain distributed peripherally 

Although both T2C12 and SC-9E8 allowed cell binding, 
they caused different blocks, as only SC-9E8 allowed 
virions to reach late endosomes and co -localize with 
LAMP-1 (Fig. 2a, zoomed images); T2C 12 -neutralized 
virions remained peripheral to late endosomes. The same 
peripheral distribution was seen with gL~ virions, whereas 
the endosomal virion arrest by SC-9E8 matched that 
observed with inhibitors of endosomal acidification such as 
bafilomycin and concanamycin A (Glauser et ah, 2011). 

Peripheral virion arrest by mAb T2C12 was confirmed by 
staining for the ORF25 capsid component with mAb BH-6D3 
(Fig. 3a). After incubation at 37 °C, the capsids of wild- type 
virions migrated to the nuclear margin, consistent with their 
release by membrane fusion. In contrast, the capsids of 



T2C 12 -neutralized and gL~ virions remained outside late 
endosomes. Non-neutralized wild-type virions also showed 
an increase in ORF25 signal after incubation at 37 °C, 
consistent with released capsid making ORF25 epitopes 
more accessible (Fig. 3b), whereas T2C12-neutralized and 
gL~ virions showed little such increase. 

We also used gpl50/ORF75c co -localization to track virion 
entry (Fig. 4). After binding at 4 °C, wild-type virions showed 
extensive gpl50/ORF75c co -localization; after incubation at 
37 °C, little co-localization remained. Thus most, if not all, 
wild-type virions underwent membrane fusion. In contrast, 
T2C12-neutralized and gL~ virions maintained extensive 
gpl50/ORF75c co-localization, even after incubation at 37 °C. 

T2C12-neutralized and gL" virions are 
endocytosed poorly 

T2C12-neutralized and gL~ virions not only failed to reach 
late endosomes, but also failed to reach the early endosomes 
marked by staining for early endosome antigen 1 (EEA-1) 
(Fig. 5a). Thus, they appeared not to be endocytosed. This 
was confirmed by analysing the susceptibility to PBS and 
acid washes of virions exposed to sub- neutralizing antibody 
concentrations (Fig. 5b). PBS wash removes unbound 
virions; acid wash also inactivates virions bound to the cell 
surface. SC-9E8 -exposed virions incubated with cells for 2 h 
at 37 °C showed similar sensitivity to PBS and acid washes, 
consistent with a post-endocytic infection block. In contrast, 
virions exposed to T2C12 or to 7D6, another gH-gL-specific 
neutralizing mAb that does not block HS binding (Gillet 
et al, 2008a), showed significantly greater sensitivity to acid 
wash. Thus, they were bound but not endocytosed. Immune 
sera mainly block cell binding (Gill et al, 2006) and gave 
equal sensitivity to either wash. Immune sera have low gH- 
gL-specific antibody titres (Gillet et al, 2007b) so, if cell 
binding is achieved, little further block to infection remains. 
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Fig. 3. Capsid migration of T2C1 2-neutralized and gl_~ virions, (a) WT MuHV-4 virions (3 p.f.u. per cell) were left untreated or 
pre-incubated (2 h, 37 °C) with mAb T2C12 (anti-gH-gL, lgG 2a , 400 \ig ml" 1 ). WT (3 p.f.u. per cell) and gL" (50 p.f.u. per 
cell to give equivalent binding) virions were then bound to NMuMG cells for 2 h at 4 °C. The cells were washed with PBS and 
either fixed immediately or first incubated (2 h, 37 °C) to allow virion endocytosis. All cells were then stained for the ORF25 
virion capsid component with mAb BH-6D3 (IgG-i, green), for the late endosomal marker LAMP-1 (red), and with DAPI (blue). 
Equivalent data were obtained in a repeat experiment, (b) Cells were exposed to WT virions with or without T2C1 2 
neutralization or to gL" virions as in (a), but antibody binding was detected with an alkaline phosphatase-conjugated IgG-r 
specific secondary antibody, p-nitrophenylphosphate substrate and A 405 . For each condition, the A 405 was normalized to the 
value obtained at 4 °C. The bars show mean±SEM values from six wells. After incubation at 37 °C, the non-neutralized WT 
signal was significantly higher than that of gL" or T2C1 2-treated WT virions (P<0.0005 by Student's f-test). Equivalent data 
were obtained in two further experiments. 



Fig. 5(c) shows a schematic diagram of where we envisage 
that the different blocks occur. 

T2C12-neutralized virions maintain gB in its 
extracellular state 

MuHV-4 virions show glycoprotein conformation changes 
both before membrane fusion and upon fusion itself. 
Notably, the gB epitope defined by mAb MG-1A12 is un- 
detectable on extracellular virions, but revealed very early 
after endocytosis, even when fusion is blocked (Glauser 
et al, 2012). The gB of T2C1 2-neutralized virions remained 
MG-1A12" (Fig. 6a). It also retained the SC-9A5 epitope, 
which is normally present on extracellular virions and lost 
after endocytosis (Glauser et al, 2011). SC-9A5 epitope 



retention in virion-exposed cell populations was also evi- 
dent by ELISA (Fig. 6b). MG-1A12 ELISA was not possible 
because of antibody cross-reactivity with T2C12. None- 
theless, the lack of gB conformation changes supported the 
idea that mAb T2C12 blocked virion endocytosis. 

gL~ virions (Fig. 7) similarly maintained gB in its 
'extracellular virion form (BN-1A7 + MG-1A12~). Here, we 
used BN-1A7 (IgG 2a ) rather than SC-9A5 (IgG 3 ) to detect 
pre-fusion gB because there was no need to allow for bound 
T2C12 (IgG 2a ); both epitopes are present on extracellular 
virions and lost after endocytosis (Glauser et al, 2011). 
Immunofluorescence (Fig. 7a) showed that the BN-1A7 signal 
was maintained much better with gL~ than with wild-type 
virions. ELISA of gL~ virions (Fig. 7b) showed some loss of 
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Fig. 4. Monitoring virion entry by envelope/tegument co-localization. WT MuHV-4 virions (3 p.f.u. per cell) were left untreated or 
pre-incubated (2 h, 37 °C) with mAb T2C12 (anti-gH-gL, lgG 2a , 400 ug ml -1 ). WT (3 p.f.u. per cell) and gL" (50 p.f.u. per 
cell to give equivalent binding) virions were then bound to NMuMG cells for 2 h at 4 °C. The cells were washed with PBS and 
either fixed immediately or first incubated (2 h, 37 °C) to allow virion endocytosis. They were then stained for the ORF75c 
tegument component with mAb BN-8C3 (IgG-i , green), for the gp1 50 envelope protein with mAb BH-6H2 (lgG 2 b, red) and with 
DAPI (blue). The numbers give the fraction of green signal co-localizing with red signal. The zoomed images show this 
relationship in more detail. 



BN-1A7 detection at 37 °C, presumably because these virions 
bind less well, but the loss was substantially greater for wild- 
type virions. Both immunofluorescence (Fig. 7a) and ELISA 
(Fig. 7b) showed gL~ virions remaining largely MG-1A12 - , 
while wild-type virions became strongly MG-1A12 + . Track- 
ing gB antigenic changes therefore supported the idea that 
having less functional gH-gL, through either mAb binding or 
gL disruption, impaired virion endocytosis. 



DISCUSSION 

gH-gL is the main target for neutralizing MuHV-4 host 
entry and, as gH-gL is conserved, could potentially provide 
a general target for the in vivo neutralization of mammalian 
herpesviruses. Most gH-gL-directed herpesvirus neutral- 
ization is thought to block membrane fusion. However, 



this is based largely on the block being post-binding. gH-gL- 
directed MuHV-4 neutralization by mAbs T2C12 and 7D6 
acted post-binding, but only prevented fusion indirectly; 
the immediate effect was to stop virions reaching the late 
endosomes where fusion normally occurs. This contrasted 
with gB-directed neutralization, which blocked membrane 
fusion and arrested virions in late endosomes. Thus, gH-gL- 
driven endocytosis provides a key neutralization target for 
MuHV-4, and potentially also for other herpesviruses that 
infect in similar ways. 

Most analysis of the herpesvirus gH-gL has been done with 
HSV-1. Its gH-gL binds to integrins (Parry et al, 2005) and 
has an essential role in fusion (Turner et al, 1998). gH-gL- 
directed HSV-1 neutralization is thought to stop gH-gL in- 
teracting with gB (Chowdary et al, 2010). This did not apply 
to MuHV-4, as its gB and gH are associated constitutively 
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Fig. 5. gH-gL-neutralized virions show defective endocytosis. (a) WT MuHV-4 virions (3 p.f.u. per cell) were left untreated or 
incubated (2 h, 37 °C) with mAb T2C1 2 (anti-gH-gL, lgG 2a , 400 u.g ml -1 ). These and gL~ virions (50 p.f.u. per cell to give 
equivalent binding) were then bound to NMuMG cells (2 h, 4 °C). The cells were washed with PBS and incubated (2 h, 37 °C) 
to allow virion endocytosis, washed, fixed, and stained for the ORF75c virion tegument protein with mAb BN-8C3 (IgG-i, green), 
for the early endosomal marker EEA-1 (red) and with DAPI (blue). Significant co-localization (yellow) was not observed. The 
zoomed images show virion and endosome distributions in more detail, (b) eGFP-expressing MuHV-4 virions (0.2 p.f.u. per cell) 
were left untreated or incubated (2 h, 37 °C) with mAb SE-9E8 (anti-gB, blocks fusion), mAb T2C1 2 (anti-gH-gL), mAb 7D6 
(anti-gH-gL) or MuHV-4 immune serum (blocks binding). The virus was then added to BHK-21 cells and incubated (2 h, 
37 °C) to allow virus endocytosis. The cells were then washed with PBS to remove unbound virions or with pH 3 citrate/ 
phosphate buffer to inactivate non-endocytosed virions, then incubated (16 h, 37 °C) in complete medium with 100 [ig 
phosphonoacetic acid ml -1 and analysed for viral eGFP expression by flow cytometry. Each point shows the mean ±sem of two 
experiments. Comparison across each dilution by Fisher's exact test established that acid washing reduced infection 
significantly for mAbs T2C1 2 and 7D6 (P<0.02), but not for mAb SC-9E8 or for immune serum (P>0.5). (c) A schematic 
diagram shows where neutralization seems to act during MuHV-4 entry. Immune sera block virion binding to the plasma 
membrane; mAb T2C1 2 blocks the endocytosis of bound virions, and so presumably prevents the delivery of an endocytic 
signal by its target, gH-gL; gB-directed neutralization blocks membrane fusion and so strands virions in late endosomes. 
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Fig. 6. gH-gL-directed neutralization prevents conformation changes in gB. (a) WT MuHV-4 virions (3 p.f.u. per cell) were left 
untreated or pre-incubated (2 h, 37 °C) with mAb T2C1 2 (lgG 2a , 400 ug ml -1 ), then bound to NMuMG cells (2 h, 4 °C). The 
cells were washed with PBS and either fixed immediately or first further incubated (2 h, 37 °C) to allow virion endocytosis, then 
stained with mAb SC-9A5 (lgG 3 ), which is specific for pre-fusion gB, and with mAb MG-1A12 (lgG 2a ), which is specific for 
post-fusion gB (Glauser et al., 201 1). SC-9A5 was detected with an Alexa Fluor 488-conjugated goat anti-mouse lgG 3 pAb; 
MG-1 A1 2 was conjugated directly to Alexa Fluor 488 (both green). The cells were also stained for LAMP-1 (red) and with DAPI 
(blue), (b) NMuMG cells were exposed to untreated or T2C1 2-neutralized WT virions as in (a), then stained for pre-fusion gB 
with mAb SC-9A5. Antibody binding was detected with alkaline phosphatase-conjugated lgG 3 -specific secondary antibody, p- 
nitrophenylphosphate substrate and A 40 5. For each condition, the A 405 was normalized to the value obtained at 4 °C. The bars 
show mean±SEM values from six wells. The non-neutralized WT signal was reduced significantly after incubation at 37 °C 
(P<1 0~ 4 by Student's f-test), whereas the neutralized WT signal was not changed significantly (P>0.58). Equivalent data were 
obtained in a repeat experiment. 



(Gillet & Stevenson, 2007). Therefore, the HSV-1 and MuHV- 
4 gH-gL may have different vulnerabilities. However, non- 
endocytic HSV-1 infection compresses several key events into 
the same site, making them difficult to distinguish, and the 
essential role of gL in HSV-1 gH maturation makes any 



subsequent roles that it may have difficult to define. In 
contrast, endocytic MuHV-4 infection makes some events 
anatomically distinct, and gH can reach virions without gL. 
Thus, the MuHV-4 and HSV-1 gH-gL may share functions 
that are simply more apparent with MuHV-4. 
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Fig. 7. gL _ virions also show little conformation change in gB. (a) NMuMG cells were incubated (2 h, 4 °C) with WT (3 p.f.u. 
per cell) or gL~ (50 p.f.u. per cell for equivalent binding) MuHV-4, then washed with PBS and either fixed immediately or first 
further incubated (2 h, 37 °C) to allow virion endocytosis. The cells were stained for pre-fusion gB with mAb BN-1 A7 (lgG 2a ) or 
for post-fusion gB with mAb MG-1 A1 2 (lgG 2a ) (both green), for LAMP-1 (red) and with DAPI (blue). Co-localization appears as 
yellow. Equivalent data were obtained in three further experiments, (b) Cells and viruses were incubated as in (a), then antibody 
binding was detected with an alkaline phosphatase-conjugated lgG 2a -specific secondary antibody, p-nitrophenylphosphate 
substrate and A 405 . For each condition, the A 405 was normalized to the value obtained at 4 °C. The bars show mean±SEM 
values from six wells. After incubation at 37 °C, the WT BN-1A7 signal was reduced significantly relative to gL _ (P<10~ 9 by 
Student's f-test) and the WT MG-1 A1 2 signal was increased significantly (P<1 0 -5 ). Equivalent data were obtained in a repeat 
experiment. 



As with MuHV-4 and KSHV, the EBV gH-gL contributes 
to both epithelial- cell binding and membrane fusion; as 
with HSV-1, it binds to integrins (Chesnokova et al, 2009). 
EBV-neutralizing mAbs to gH appear to disrupt gH-gL 
integrin binding or a post-binding conformation change 
(Chesnokova 8c Hutt- Fletcher, 2011). A block to integrin 



binding would have obvious parallels with the idea of 
mAb T2C12 blocking a gH-gL endocytic signal, and an 
EBV gH-gL conformation change would fit well with the 
MuHV-4 gH changing from gH-gL to gH-only after 
endocytosis (Gillet et al, 2008b). We considered that mAb 
T2C12 might stabilize gH-gL against its conformation 
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change. However, the similar pheno types of T2C12- 
neutralized and gL~ virions made it more likely that 
neutralization blocked a ligand interaction that gL~ virions 
would constitutively lack. The endocytic signal was not 
delivered by gH-gL binding to HS, as this T2C12 does not 
block. Cell binding by recombinant gH-gL is entirely HS- 
dependent (Gillet etal, 2008a), but other interactions could 
occur that depend on HS binding either for affinity or to 
alter the gH-gL conformation. This might explain why mAb 
8F10 potently neutralized fibroblast and epithelial infec- 
tions, despite only partially blocking cell binding. 

MuHV-4 cell entry is probably most similar to that of 
KSHV, as MuHV-4 and KSHV are genetically closer to 
each other than either is to EBV. Whether KSHV neutra- 
lization blocks cell binding, endocytosis or membrane 
fusion is not well-defined. However, KSHV genome de- 
livery to the nucleus depends on Rho A- dependent sig- 
nalling (Chandran, 2010), and gH-gL appears to have a 
ligand besides HS (Hahn et ah, 2009) through which 
signalling could occur. gL~ bovine herpesvirus-4 also 
shows defective endocytic transport similar to that of gL~ 
MuHV-4 (Lete et al, 2012). Therefore, pro-endocytic gH- 
gL signalling may be widespread among rhadinoviruses 
and an important component of their cell entry. 

METHODS 

Cells. NMuMG epithelial cells (ATCC CRL-1636), BHK-21 fibro- 
blasts (ATCC CCL-10), Vero epithelial cells (ATCC CCL-81) and 
RAW-264 monocytes (ATCC TIB-71) were grown in Dulbecco's 
modified Eagle's medium with 2 mM glutamine, 100 U penicillin 
ml -1 , 100 ug streptomycin ml -1 and 10% FCS (complete medium). 

Viruses. The gL" STOP mutant of MuHV-4 (Gillet et a/., 2007d), the 
lyrically de-regulated M50 mutant (May et a/., 2004) and the EFla- 
eGFP reporter virus (May & Stevenson, 2010) have been described 
previously. HSV-1 C12 (strain SC-16) expressing eGFP from a human 
cytomegalovirus IE1 promoter was kindly provided by Dr S. 
Efstathiou (Division of Virology, University of Cambridge, UK). 
MuHV-4 stocks were grown in BHK-21 cells (de Lima et a/., 2004). 
Cell debris was removed by low-speed centrifugation (1000 g, 
10 min) and virions were recovered from supernatants by high-speed 
centrifugation (38 000 g, 90 min). The facts that virion preparations 
appeared as size-uniform dots and were negative for the post- 
endocytic MG-1A12 gB epitope (Gillet et a/., 2008c) confirmed that 
they were free of infected-cell debris. HSV-1 stocks were grown in 
Vero cells. The cells were lysed by freeze-thawing three times. Cell 
debris was removed by low-speed centrifugation (1900 g, 10 min). 
MuHV-4 stocks were titrated by plaque assay on BHK-21 cells and 
HSV-1 stocks on Vero cells. 

Antibodies. MuHV-4-specific mAbs and immune serum were 
derived from MuHV-4-infected BALB/c mice. The mAbs used here 
were as follows: T2C12 (gH-gL, neutralizing, IgG 2a )> 7D6 (gH-gL, 
neutralizing, IgG 2a )> 8F10 (gH-gL, blocks HS binding, neutralizing, 
IgG 2a )> SC-9E8 (gB pre-fusion, neutralizing, IgG 2a ), SC-9A5 (gB pre- 
fusion, neutralizing, IgG 3 ), BN-1A7 (gB pre-fusion, IgG 2a ), MG- 
1A12 (gB post-fusion, IgG 2a ), BN-8C3 (ORF75c, IgGi), BH-6H2 
(gpl50, IgG 2b ), BH-6D3 (ORF25, IgGi), 3F7 (gN, IgG 2a ). See also 
Table SI. Hybridoma supernatant was concentrated by ammonium 
sulfate precipitation, dialysed against PBS and quantified by Mancini 



assay (Mancini et al> 1965). We also used rat anti-mouse LAMP-1 
mAb (clone 1D4B; BD Biosciences) and rabbit anti-EEA-1 
polyclonal antibody (pAb) (Abeam). The HSV-1 gD-specific mAb 
LP2 was kindly provided by Dr C. Crump (Division of Virology, 
University of Cambridge, UK). Direct labelling of mAb MG-1A12 
with Alexa Fluor 488 was done with an APEX antibody labelling kit 
(Invitrogen). 

Immunofluorescence. NMuMG or Vero cells were seeded 
overnight onto glass coverslips. MuHV-4 or HSV-1 virions were 
bound to the cells at 4 °C (2 h). The cells were then washed three 
times in ice-cold PBS to remove unbound virions, and either fixed or 
first incubated for the indicated time at 37 °C in complete medium 
with or without neutralizing antibodies. After one wash in ice-cold 
PBS, fixation was achieved by adding ice-cold 4 % formaldehyde in 
PBS and leaving at room temperature for 30 min (mAbs BN-8C3, 
BH-6D3, BH-6H2, 3F7 and LP2) or 1 h (mAbs SC-9A5, BN-1A7 and 
MG-1A12). Fixation was stopped by adding 0.1 M glycine (15 min, 
room temperature), followed by three washes in PBS. The cells were 
then permeabilized with 0.1% Triton X-100 (30 min, room 
temperature), blocked with 2% BSA 0.1% Tween 20 (overnight, 
4 °C), stained with primary mAbs (1 h, room temperature), washed 
three times in PBS 0.1 % Tween 20, stained with secondary 
antibodies with 1 jig DAPI ml -1 (1 h, room temperature), washed 
three times in PBS 0.1 % Tween 20 and once in H 2 0, and mounted 
in ProLong Gold (Invitrogen). Secondary antibodies (goat anti-rat 
IgG, goat anti-rabbit IgG, and goat anti-mouse IgG, IgGi, IgG 2a , 
IgG 2 b or IgG 3 , labelled with Alexa Fluor 488 or 568) were all from 
Invitrogen. Images were acquired on Leica TCS SP2 and SP5 AOBS 
confocal laser-scanning microscopes with settings specific for DAPI 
(excitation, 405 nm; recording, 410-470 nm), Alexa Fluor 488 
(excitation, 488 nm; recording, 493-550 nm) and Alexa Fluor 568 
(excitation, 561 nm; recording, 566-700 nm). Images were analysed 
with ImageJ. Images show single z stacks, except in Fig. SI, where 
maximum-intensity projections from 10 z stacks spanning the entire 
depth of the cells are show. The thresholded Mander's split co- 
localization coefficients and virion-particle counts were determined 
with ImageJ. 

Flow cytometry. MuHV-4-exposed cells were trypsinized and 
washed in PBS. Viral eGFP expression was then detected by flow 
cytometry using a FACSCalibur (BD Biosciences). 

Cell ELISA. NMuMG cells were seeded overnight into 96-well plates. 
MuHV-4 virions were bound at 4 °C (2 h). The cells were then 
washed three times in ice-cold PBS to remove unbound virions, and 
either fixed directly or first incubated at 37 °C in complete medium 
with or without neutralizing antibodies. After one wash in ice-cold 
PBS, cells were fixed by adding ice-cold 4% formaldehyde in PBS 
and leaving at room temperature for 45 min (mAb BH-6D3) or 1 h 
(all other mAbs). Fixation was then stopped by incubation with 
0.1 M glycine (15 min, room temperature), followed by three washes 
in PBS. The cells were then permeabilized with 0.1 % Triton X-100 
(30 min, room temperature), blocked with 2 % BSA 0.1 % Tween 20 
(overnight, 4 °C), then incubated with primary mAbs diluted in 2 % 
BSA 0.1% Tween 20 (2 h, room temperature), followed by three 
washes in PBS 0.1 % Tween 20. The plates were then incubated with 
alkaline phosphatase-conjugated goat anti-mouse IgGi, IgG 2a , IgG 2b 
and IgG 3 pAb (Southern Biotech) diluted in 2% BSA 0.1 % Tween 
20 (2 h, room temperature), followed by six washes in PBS 0.1% 
Tween 20. Bound secondary antibodies were detected by incubation 
with SIGMAFAST p-nitrophenyl phosphate substrate (Sigma- 
Aldrich) and reading A 405 on a Benchmark Microplate Reader 
(Bio-Rad). For each antibody, the background was taken as the 
absorbance reading with uninfected cells and was subtracted from all 
values. 



http://vir.sgmjournals.org 



1325 



D. L Glauser, L Gillet and P. G. Stevenson 



ACKNOWLEDGEMENTS 



We thank Susanna Colaco and Janet May for outstanding technical 
support, and Colin Crump and Stacey Efstathiou for providing reagents. 
P.G.S. is a Wellcome Trust Senior Clinical Fellow (GR076956MA). 
D. L. G. is supported by fellowships from the Swiss National Science 
Foundation and the Swiss Foundation for Grants in Biology and 
Medicine (PBZHP3- 122925, PASMP3- 132554, and PASMP3- 136984). 
L. G. is a Research Associate of the FRS/FNRS. This work was also 
supported by Medical Research Council grant G0701185 and by 
Wellcome Trust project grant WT089111MA. 



REFERENCES 



Barton, E, Mandal, P. & Speck, S. H. (2011). Pathogenesis and host 
control of gammaherpesviruses: lessons from the mouse. Annu Rev 
Immunol 29, 351-397. 

Chandran, B. (2010). Early events in Kaposi's sarcoma-associated 
herpesvirus infection of target cells. / Virol 84, 2188-2199. 

Chesnokova, L. S. & Hutt-Fletcher, L. M. (2011). Fusion of Epstein- 
Barr virus with epithelial cells can be triggered by av/?5 in addition to 
av p6 and av/?8, and integrin binding triggers a conformational change 
in glycoproteins gHgL. / Virol 85, 13214-13223. 

Chesnokova, L. S, Nishimura, S. L. & Hutt-Fletcher, L. M. (2009). 

Fusion of epithelial cells by Epstein-Barr virus proteins is triggered by 
binding of viral glycoproteins gHgL to integrins oev/?6 or oev/?8. Proc 
Natl Acad Sci USA 106, 20464-20469. 

Chowdary, T. K., Cairns, T. M., Atanasiu, D., Cohen, G. H., Eisenberg, 
R. J. & Heldwein, E. E. (2010). Crystal structure of the conserved herpes- 
virus fusion regulator complex gH-gL. Nat Struct Mol Biol 17, 882-888. 

de Lima, B. D., May, J. S. & Stevenson, P. G. (2004). Murine 
gammaherpesvirus 68 lacking gpl50 shows defective virion release 
but establishes normal latency in vivo. / Virol 78, 5103-5112. 

Dialyna, I. A., Graham, D., Rezaee, R., Blue, C. E., Stavrianeas, N. G., 
Neisters, H. G., Spandidos, D. A. & Blackbourn, D. J. (2004). Anti- 
HHV-8/KSHV antibodies in infected individuals inhibit infection in 
vitro. AIDS 18, 1263-1270. 

Everett, R. D. & Chelbi-Alix, M. K. (2007). PML and PML nuclear 
bodies: implications in antiviral defence. Biochimie 89, 819-830. 

Forrester, A., Farrell, H., Wilkinson, G., Kaye, J., Davis-Poynter, N. & 
Minson, T. (1 992). Construction and properties of a mutant of herpes 
simplex virus type 1 with glycoprotein H coding sequences deleted. 
/ Virol 66, 341-348. 

Fuller, A. O., Santos, R. E. & Spear, P. G. (1989). Neutralizing 
antibodies specific for glycoprotein H of herpes simplex virus permit 
viral attachment to cells but prevent penetration. / Virol 63, 3435-3443. 

Gangappa, S., Kapadia, S. B., Speck, S. H. & Virgin, H. W., IV (2002). 

Antibody to a lytic cycle viral protein decreases gammaherpesvirus 
latency in B-cell-deficient mice. / Virol 76, 11460-11468. 

Gaspar, M., Gill, M. B., Losing, J. B., May, J. S. & Stevenson, P. G. 
(2008). Multiple functions for ORF75c in murid herpesvirus-4 
infection. PLoS One 3, e2781. 

Gill, M. B., Gillet, L, Colaco, S., May, J. S., de Lima, B. D. & 
Stevenson, P. G. (2006). Murine gammaherpesvirus-68 glycoprotein 
H-glycoprotein L complex is a major target for neutralizing 
monoclonal antibodies. / Gen Virol 87, 1465-1475. 

Gillet, L. & Stevenson, P. G. (2007). Evidence for a multiprotein 
gamma-2 herpesvirus entry complex. / Virol 81, 13082-13091. 

Gillet, L, May, J. S. & Stevenson, P. G. (2007a). Post-exposure 
vaccination improves gammaherpesvirus neutralization. PLoS One 2, 
e899. 



Gillet, L, May, J. S., Colaco, S. & Stevenson, P. G. (2007b). The 

murine gammaherpesvirus-68 gpl50 acts as an immunogenic decoy 
to limit virion neutralization. PLoS One 2, e705. 

Gillet, L, Adler, H. & Stevenson, P. G. (2007c). Glycosaminoglycan 
interactions in murine gammaherpesvirus-68 infection. PLoS One 2, e347. 

Gillet, L, May, J. S., Colaco, S. & Stevenson, P. G. (2007d). 

Glycoprotein L disruption reveals two functional forms of the murine 
gammaherpesvirus 68 glycoprotein H. / Virol 81, 280-291. 

Gillet, L, Colaco, S. & Stevenson, P. G. (2008a). The murid 
herpesvirus-4 gH/gL binds to glycosaminoglycans. PLoS One 3, el669. 

Gillet, L, Colaco, S. & Stevenson, P. G. (2008b). The Murid 
Herpesvirus-4 gL regulates an entry- associated conformation change 
in gH. PLoS One 3, e2811. 

Gillet, L, Colaco, S. & Stevenson, P. G. (2008c). Glycoprotein B 
switches conformation during murid herpesvirus 4 entry. / Gen Virol 
89, 1352-1363. 

Gillet, L, Alenquer, M., Glauser, D. L, Colaco, S., May, J. S. & 
Stevenson, P. G. (2009). Glycoprotein L sets the neutralization 
profile of murid herpesvirus 4. / Gen Virol 90, 1202-1214. 

Glauser, D. L, Kratz, A. S., Gillet, L. & Stevenson, P. G. (2011). A 

mechanistic basis for potent, glycoprotein B-directed gammaherpes- 
virus neutralization. / Gen Virol 92, 2020-2033. 

Glauser, D. L, Kratz, A. S. & Stevenson, P. G. (201 2). Herpesvirus 
glycoproteins undergo multiple antigenic changes before membrane 
fusion. PLoS One 7, e30152. 

Hahn, A., Birkmann, A., Wies, E., Dorer, D., Mahr, K., Stiirzl, M., 
Titgemeyer, F. & Neipel, F. (2009). Kaposi's sarcoma-associated 
herpesvirus gH/gL: glycoprotein export and interaction with cellular 
receptors. / Virol 83, 396-407. 

Hutchinson, L, Browne, H., Wargent, V., Davis-Poynter, N., 
Primorac, S., Goldsmith, K., Minson, A. C. & Johnson, D. C. (1992). 

A novel herpes simplex virus glycoprotein, gL, forms a complex with 
glycoprotein H (gH) and affects normal folding and surface 
expression of gH. / Virol 66, 2240-2250. 

Kim, I. J., Flano, E, Woodland, D. L. & Blackman, M. A. (2002). 

Antibody-mediated control of persistent gamma-herpesvirus infec- 
tion. / Immunol 168, 3958-3964. 

Lete, C, Machiels, B., Stevenson, P. G., Vanderplasschen, A. & 
Gillet, L. (2012). Bovine herpesvirus type 4 glycoprotein L is 
nonessential for infectivity but triggers virion endocytosis during 
entry. / Virol 86, 2653-2664. 

Mancini, G., Carbonara, A. O. & Heremans, J. F. (1965). 

Immunochemical quantitation of antigens by single radial immuno- 
diffusion. Immuno chemistry 2, 235-254. 

May, J. S. & Stevenson, P. G. (2010). Vaccination with murid 
herpesvirus-4 glycoprotein B reduces viral lytic replication but does not 
induce detectable virion neutralization. / Gen Virol 91, 2542-2552. 

May, J. S., Coleman, H. M., Smillie, B., Efstathiou, S. & Stevenson, 
P. G. (2004). Forced lytic replication impairs host colonization by a 
latency-deficient mutant of murine gammaherpesvirus-68. / Gen Virol 
85, 137-146. 

Miller, N. & Hutt-Fletcher, L. M. (1988). A monoclonal antibody to 
glycoprotein gp85 inhibits fusion but not attachment of Epstein-Barr 
virus. / Virol 62, 2366-2372. 

Naranatt, P. P., Akula, S. M. & Chandran, B. (2002). Characterization 
of gamma2-human herpesvirus-8 glycoproteins gH and gL. Arch Virol 
147, 1349-1370. 

Parry, C, Bell, S., Minson, T. & Browne, H. (2005). Herpes simplex 
virus type 1 glycoprotein H binds to av/?3 integrins. / Gen Virol 86, 7- 
10. 



1326 



Journal of General Virology 93 



gH-gL-directed neutralization 



Rosa, G. T., Gillet, L, Smith, C. M., de Lima, B. D. & Stevenson, P. G. 
(2007). IgG Fc receptors provide an alternative infection route for 
murine gamma-herpesvirus-68. PLoS One 2, e560. 

Sokal, E. M., Hoppenbrouwers, K., Vandermeulen, C, Moutschen, M., 
Leonard, P., Moreels, A., Haumont, M., Bollen, A., Smets, F. & 
Denis, M. (2007). Recombinant gp350 vaccine for infectious 
mononucleosis: a phase 2, randomized, double-blind, placebo- 
controlled trial to evaluate the safety, immunogenicity, and efficacy 
of an Epstein-Barr virus vaccine in healthy young adults. / Infect Dis 
196, 1749-1753. 

Stevenson, P. G. & Doherty, P. C. (1998). Kinetic analysis of the 
specific host response to a murine gammaherpesvirus. / Virol 72, 
943-949. 



Stevenson, P. G., Simas, J. P. & Efstathiou, S. (2009). Immune 
control of mammalian gammaherpesviruses: lessons from murid 
herpesvirus-4. / Gen Virol 90, 2317-2330. 

Thorley-Lawson, D. A. & Poodry, C. A. (1 982). Identification and isolation 
of the main component (gp350-gp220) of Epstein-Barr virus responsible 
for generating neutralizing antibodies in vivo. / Virol 43, 730-736. 

Turner, A., Bruun, B., Minson, T. & Browne, H. (1998). Glycoproteins 
gB, gD, and gHgL of herpes simplex virus type 1 are necessary and 
sufficient to mediate membrane fusion in a Cos cell transfection 
system. / Virol 72, 873-875. 

Wright, D. E., Colaco, S., Colaco, C. & Stevenson, P. G. (2009). 

Antibody limits in vivo murid herpesvirus-4 replication by IgG Fc 
receptor-dependent functions. / Gen Virol 90, 2592-2603. 



http://vir.sgmjournals.org 



1327 



